The present study was designed to evaluate the regulation of nitric oxide (NO) synthesis in porcine oocytes during follicular development. Cumulusoocyte complexes were obtained by aspirating the small follicles of immature porcine ovaries and cultured at 39 C for 24-72 h with FSH in a serum-free medium. The oocyte-surrounding cumulus cells markedly proliferated and expressed LH receptor mRNA in response to FSH. The endothelial type of NO synthase (eNOS) (130 kDa) was detected in the oocyte, but not in the proliferated cumulus cells, by immunoblotting. The amount of oocyte eNOS did not significantly alter during culture, but measurement of nitrite and nitrate revealed FSH suppression of NO synthesis by approximately 50%. NO-releasing agents were added to the cultures to examine the effect of NO on the growth of cumulus cells. NO-releasing agents showed inhibitory effects on proliferation of the cumulus cells and expression of LH receptor mRNA. Thus, synthesis of eNOS-derived NO is suppressed in the porcine oocyte during development with no change in the enzyme amount, and it is suggested that it has an inhibitory function in the growth of cumulus cells.
INTRODUCTION
Nitric oxide (NO) is a short-lived messenger molecule that mediates a variety of cellular functions. It is generated from molecular O 2 and -arginine by NO synthase (NOS) (Bredt & Snyder 1989 , Palmer & Moncada 1989 , Kwon et al. 1990 , Stamler et al. 1992 . Several isoforms of NOS have been identified: a constitutive isoform such as endothelial (eNOS) and brain NOS (Bredt et al. 1991 , Lamas et al. 1992 and an inducible isoform (iNOS) (Lowenstein et al. 1992) . The constitutive isoform requires calcium and calmodulin for activity and produces small quantities of NO. In contrast, iNOS is expressed in many cell types, including macrophages , Stuehr et al. 1991 , hepatocytes (Geller et al. 1993) , and pancreatic islet cells ; cytokines and endotoxins characteristically induce expression of this isoform that results in a sustained synthesis of NO over long periods (Moncada et al. 1991 , Nathan 1992 . NO is also synthesized by rat and human ovaries and has been shown to be involved in folliculogenesis, ovulation, apoptotic cell death of follicular cells and steroidogenesis (Ellman et al. 1993 , Ben-Shlomo et al. 1994 , Chun et al. 1995 , Shukovski & Tsafriri 1995 , Bonello et al. 1996 , Hattori et al. 1996 , Yamauchi et al. 1997 . The expression of mRNAs and proteins for eNOS and iNOS in the rat ovary is shown during follicular development, ovulation and pseudopregnancy (Van Voorhis et al. 1995 , Jablonka-Shariff & Olson 1997 . NO is well recognized as an activator of guanylate cyclase (Moncada et al. 1991 , Nathan 1992 , an activator of the mitogen-activated protein kinase family (Lander et al. 1996) and an inhibitor of the actions of the cytochrome P450 enzymes, including the P450 aromatase (Van Voorhis et al. 1994 , Olson et al. 1996 , Snyder et al. 1996 . Nitrite, a NO metabolite, is accumulated in the luteinized rat ovarian cells (Olson et al. 1996) and the inhibition of NO synthesis in the ovary using NOS inhibitors reduces the number of ovulated oocytes (Shukovski & Tsafriri 1995 , Bonello et al. 1996 , suggesting an important function of NO during the periovulated period.
An immunocytochemical study demonstrated the expression of eNOS in rat oocytes from immature and gonadotropin-stimulated follicles (JablonkaShariff & Olson 1997) . Furthermore, eNOS knockout mice were reported to have impaired oocyte meiotic maturation (Jablonka-Shariff & Olson 1998) . From these recent reports, we raised the intriguing possibility of participation of oocytederived NO in oocyte meiotic maturation through its direct action in the oocyte and/or its action on the cumulus and granulosa cells. However, the regulation of NO synthesis in the oocyte remains unknown.
In this report, we extend our recent studies to examine NO synthesis in the porcine oocyte during development of cumulus-oocyte complexes (COCs). Here we describe that NO synthesis reduces during the development with no change in the amount of NOS, and that NO-releasing agents inhibit the growth of cumulus cells.
MATERIALS AND METHODS

Culture of COCs
Porcine ovaries were obtained at a local slaughterhouse and were brought to the laboratory in Dulbecco's phosphate-buffered saline (PBS) at 30-35 C. The COCs were aspirated from small follicles (1-3 mm diameter) using an 18 gauge needle, and pooled in PBS supplemented with 50 mg glucose/ml, 1·8 mg sodium pyruvate/ml, 1 mg BSA/ml, 100 IU penicillin/ml and 1 mg streptomycin/ml. They were recovered and washed twice with Ham's F-10 and DMEM (1:1) medium (GIBCO, Grand Island, NY, USA), supplemented with 50 µg gentamycin/ml and 20 IU nystatin/ml, and were seeded in 96-or 48-well plates, and cultured for 20 h with 1 µg insulin/ml, 5 µg transferrin/ml, 1 mg BSA/ml at 39 C in humidified 95% air-5% CO 2 , then exposed to ovine folliclestimulating hormone (FSH) (supplied by Dr A F Parlow, Harbor-UCLA Medical Center, Torrance, CA, USA) for 24-72 h without changing the medium.
Treatment with NO donor
2,2 -(Hydroxynitrosohydrazino)bis -ethanamine (NOC18; Dojindo, Kumamoto, Japan) and Snitroso-N-acetyl-DL-penicillamine (SNAP; Dojindo) were used as NO donors. NOC18 was dissolved in 0·1 M NaOH and the pH adjusted to 7·2-7·5 with 50 mM Tris-HCl (pH 7·0) and SNAP was dissolved in culture medium, and then added in 10 µl aliquots.
Determination of cell proliferation
COCs were cultured in 100 µl culture medium with various concentrations of FSH. At indicated times, 10 µl of cell counting kit reagent (Dojindo) was added to each well and incubated for 2 h at 39 C in humidified 95% air-5% CO 2 . Thereafter, 10 µl 5 M HCl was added to terminate the reaction, and the proliferation was expressed as absorbance at 420 nm per COC.
Reverse transcription (RT)-PCR analysis for luteinizing hormone (LH) receptor mRNA
RNA was isolated from COCs using ISOGEN (Wako, Osaka, Japan), and the total RNA was used for the RT reaction with a T-primed first-strand kit (Pharmacia Biotech). Porcine LH receptor cDNA was then amplified by PCR with recombinant Taq DNA polymerase (Perkin-Elmer, Norwalk, CT, USA), using a primer set for four LH receptor isoforms (Loosfelt et al. 1989) : sense primer, 5 -CCAATCTCCTAGATGCCACATTGAC-3 (nn 861-885); antisense primer, 5 -GCTCAGCAACAG AAAGAAATCCC-3 (nn 1981 AAAGAAATCCC-3 (nn -1959 . The predicted size of LH receptor RT-PCR products are 1114, 855, 411 and 185 bp. The same RNAs were subjected to RT-PCR amplification using primers specific for the GAPDH gene as an internal control: sense primer, 5 -TCCTGTCCTGCACCACCAA CTGCTTAG-3 (nn 445-466); antisense, 5 -GTA GGTGTCAGAAGACTCACCGTC-3 (nn 562-538). The amplification product for GAPDH cDNA is 118 bp. The pre-PCR was allowed to go on for 9 min at 95 C, then 40 cycle reactions of 95 C for 0·5 min, 54 C for 0·5 min and 74 C for 2 min were carried out. Aliquots of the products were analyzed on a 2% (w/v) agarose gel, containing ethidium bromide. DNA was visualized using a 305 nm UV light source, photographed using Polaroid 665 film (Polaroid, Cambridge, MA, USA) and quantified using a densitometry program (NIH Image Ver. 1·58).
Western blot analysis of oocyte eNOS
The cumulus cells and oocytes were separated by treating with 6·8 mM EGTA and 750 IU hyaluronidase/ml (Sigma, St Louis, MO, USA) in PBS at 37 C and gently pipetting. The oocytes were recovered, suspended in 10 mM Tris buffer (pH 6·8) containing 5 mM EDTA and 2 mM PMSF (Wako) and mixed with 0·6 volumes of 3 concentrated electrophoresis sample buffer. Oocyte proteins were separated by 7·5% SDS-PAGE for immunodetection of eNOS, and electrotransferred onto Immobilon-PVDF membrane (Millipore, Bedford, MA, USA). Membranes were blocked in 10% non-fat dry milk in Tris-buffered saline containing 0·1% Tween-20 (TBS-T) for 1 h at room temperature. Then, membranes were incubated for 3 h with anti-bovine eNOS antiserum (Alexis, San Diego, CA, USA) in TBS-T containing 10% non-fat dry milk and washed with TBS-T. Thereafter, membranes were incubated with peroxidase-conjugated goat anti-rabbit IgG (New England Biolabs, Beverly, MA, USA) in TBS-T containing 10% non-fat dry milk for 1 h, washed with TBS-T, incubated with LumiGLO (New England Biolabs), then exposed to X-ray films to visualize the bound proteins.
Measurements of nitrite and nitrate
COCs and media were collected together for determination of NO metabolites. After removal of proteins with 50% methanol, soluble fractions were analyzed with an automated NO detector HPLC system (ENO-20; EICOM, Kyoto, Japan). Nitrite and nitrate were separated by a reverse-phase separation column packed with polystyrene polymer (NO-PASK, 4·5 50 mm), and nitrate was reduced to nitrite with copper-plated cadmium filings (NO-RED). Nitrite was mixed with Griess reagent to form a purple azo dye in a reaction coil. The mobile phase was 10% methanol containing 0·15 M NaCl/NH 4 Cl and 0·5 g EDTA-4Na/l, and was flowed at a rate of 0·33 ml/min. The absorbance of the product dye was measured at 540 nm by a flow-through spectrophotometer (NOD-10). The contamination of nitrite and nitrate was estimated in the culture medium without COCs.
Statistical analysis
The data are expressed as means .. and differences between them were analyzed using Student's t-test and ANOVA.
RESULTS
Proliferation of cumulus cells and expression of LH receptor mRNA during development
The proliferation of oocyte-surrounding cumulus cells was tested by addition of 10 ng FSH/ml to serum-free medium containing insulin and transferrin, and the results are shown in Fig. 1 . The proliferation was stimulated and reached a maximum level after 72 h of FSH stimulation. The induction of LH receptor mRNA was also determined as an index of cell differentiation. Total RNA was extracted from COCs cultured with FSH, then RT-PCR of LH receptor mRNA was performed. Four LH receptor isoforms are expressed in the porcine ovary (Loosfelt et al. 1989) . With the primers used, however, only a receptor isoform with a size of 411 bp was detected (Fig. 2) .
Localization of NOS in porcine oocytes
To examine the localization of NOS in porcine oocytes, the immunoblotting analysis was performed using anti-bovine eNOS antiserum. The oocytes were collected from immature follicles, and oocyte proteins were analyzed by SDS-PAGE and immunoblotting. When oocyte proteins were prepared from 20 oocytes, a protein band was detected with an apparent molecular mass of 130 kDa using eNOS antibody (Fig. 3) . The amount of eNOS decreased with decreasing amounts of oocytes. However, iNOS was not detected by using anti-mouse iNOS antibody (data not shown). Several bands were detected using eNOS antibody in the whole cell extracts of proliferated cumulus cells. Their molecular masses were different from those reported (130-150 kDa) (Stuehr et al. 1991) , and they were not detected in the oocytes, indicating probably non-specific bands.  1. Proliferation of oocyte-surrounding cumulus cells during development. Ten COCs were cultured with FSH (10 ng/ml) for the indicated times. Proliferation tests were performed as described in Materials and Methods. Data are means .. from four separate determinations.
NOS and NO synthesis during development
Alteration of eNOS levels was examined in the oocytes during development. COCs were cultured for 72 h with various concentrations of FSH (0·1-10 ng/ml), and oocyte proteins were analyzed by SDS-PAGE and immunoblotting after removal of cumulus cells. As shown in Fig. 4 , any changes in the amounts of eNOS under FSH stimulation were not observed. In addition, they showed constant levels until 72 h in the presence of 10 ng FSH/ml. Furthermore, NO synthesis was estimated during development. NO metabolites, nitrite and nitrate, were measured using an automated NO detector HPLC system. In contrast to the enzyme amounts, accumulation of nitrite and nitrate was decreased dose dependently by FSH, with a significant decrease at 1 ng/ml, although the cell proliferation was promoted (Fig. 5) . One oocyte produced 72·1 3·6 pmol (mean .., n=3) NO during culture without FSH, whereas it produced 35·1 4·5 pmol with 10 ng FSH/ml (P<0·01). These observations indicate inhibition of NO synthesis during development of oocytesurrounding cumulus cells with no change in the eNOS amount.
Effect of NO donors on proliferation and differentiation
As NO-releasing agents, NOC18 and SNAP, which produce 2 mol NO from 1 mol of these agents, were used. The effect of NO-releasing agents was examined on the proliferation of cumulus cells. COCs were cultured for 48 h with FSH, then exposed to 10 or 100 µM NOC18 and SNAP for an additional 24 h. The proliferation of oocytesurrounding cumulus cells was tested, and the results are shown in Table 1 . The proliferation was significantly inhibited by 100 µM, but not by 10 µM, NOC18 and SNAP with similar potency. Similarly, the effect of NOC18 on expression of LH receptor mRNA was examined. The expression of receptor mRNA was completely inhibited by 100 µM NOC18 (Fig. 6 ). These observations suggest that NO negatively regulates the proliferation and differentiation of cumulus cells.
 2. Expression of LH receptor (LH-R) mRNA in porcine COCs treated with FSH. COCs were cultured for 72 h with FSH (10 ng/ml). Total RNA extracted from whole COCs (100 COCs) was reverse transcribed and PCR amplified with primers for porcine LH receptor cDNA (see Materials and Methods for details). An expected 411 bp product of LH receptor isoforms was amplified in the COCs treated with FSH, but not in the COCs without FSH.
 3. Immunoblotting of eNOS in porcine oocytes. COCs were obtained from immature follicles and cumulus cells were removed by hyaluronidase. Oocyte proteins were separated on SDS-PAGE and transferred onto Immobilon-IPVH membrane. Immunoblotting was performed with a Western blot detection kit as described in Materials and Methods.
DISCUSSION
In the present study we investigated NO synthesis during proliferation of oocyte-surrounding cumulus cells obtained from immature follicles of porcine ovaries, and provided evidence that NO is derived principally from oocytes. An isoform of NOS, eNOS, was detected in porcine oocytes, although the cellular localization of eNOS in the porcine ovary remains to be clarified. A large amount of NO was produced in the oocyte (35-75 pmol nitrite plus nitrate/oocyte), but the NO synthesis was suppressed during FSH-induced proliferation of cumulus cells.
eNOS has been reported to contribute to oocyte meiotic maturation (Jablonka-Shariff & Olson 1998). However, there are no reports concerning regulation of NO synthesis in oocytes. The expression of eNOS and iNOS mRNAs and their proteins has been reported in the rat ovary (Van Voorhis et al. 1995 , Jablonka-Shariff & Olson 1997 . As reported in the rat ovary (Jablonka-Shariff & Olson 1997) , it was also demonstrated in the present study that eNOS protein is localized in the porcine oocyte, but iNOS was not detected using antimouse iNOS antibody. eNOS produces a small amount of NO in response to a direct stimulus (Moncada et al. 1991 , Nathan 1992 , whereas iNOS has a characteristic of the production of large amounts of NO. In the present study, however, eNOS-derived NO synthesis was high in oocytes, probably due to at least as high contents of eNOS protein. eNOS was detectable in several amounts of the porcine oocytes by immunoblotting. The fluorescence observation of NO synthesis using diaminofluorescein-2 diacethyl demonstrated that freshly obtained COCs produced a large amount of NO (expressed as fluorescence intensity) within  4. The amount of porcine oocyte eNOS during development of oocyte-surrounding cumulus cells. (A) COCs were cultured for 20 h, and exposed to various concentrations of FSH (0·1-10 ng/ml) for 72 h, then oocytes were recovered after removal of cumulus cells. Oocyte proteins prepared from 20 oocytes were separated on SDS-PAGE, and analyzed by immunodetection using eNOS antiserum. (B) COCs were cultured for 20 h, and exposed to FSH (10 ng/ml) for the indicated times. Oocyte proteins prepared from 20 oocytes were analyzed by immunodetection using eNOS antiserum.
 5. Accumulation of nitrite and nitrate (NOx) and proliferation of oocyte-surrounding cumulus cells during development. (A) Ten COCs were cultured for 72 h with various concentrations (0·1-10 ng/ml) of FSH. COCs and media were recovered together, and the homogenates were assayed for nitrite and nitrate after removal of proteins. (B) Proliferation tests were performed as described in Materials and Methods. Data are means .. from four separate determinations. *P<0·05, **P<0·01 vs control (without FSH). 60 min after exposure to -arginine, whereas NO synthesis was decreased to 50% in the COCs cultured for 24 h (Takesue et al. 1999) . This finding indicates that a large amount of NO is produced before treatment with FSH. The present study showed that oocyte NO synthesis was further suppressed during stimulation with FSH for 3 days. The levels of its metabolites (nitrite and nitrate) were 50% of the control. It is noteworthy that the amount of eNOS remained unchanged during development. Consequently, this indicates a decrease of oocyte NO synthesis with a constant amount of eNOS during FSH stimulation.
Several factors regulating NO synthesis are known. For example, tumor necrosis factor-is known to desensitize eNOS by controlling the fate of eNOS mRNA (Yoshizumi et al. 1993) . Transforming growth factorcan induce downregulation of iNOS in epithelial and mesenchymal cells (Pfeilschifter & Vosbeck 1991 , Schini et al. 1992 ; its suppressive effect is induced by decreasing mRNA stability and translation and increasing the degradation of iNOS protein. -Arginine analogs that inhibit NOSs have also been identified in normal human plasma and urine (Vallance et al. 1992) . As oxygen is a co-substrate of NOSs, hypoxia was reported to stimulate NO release in the heart (Park et al. 1992) . However, it is unlikely that these factors decrease NO synthesis of the oocytes in our culture system. As both cNOS and iNOS are cytochrome P450-type heme proteins (Bredt et al. 1991) , NO is known to inhibit NOS by directly interacting with the enzyme (Rogers & Ignarro 1992 , Griscavage et al. 1993 , Ravichandran et al. 1995 . eNOS is also known to be phosphorylated at its serine sites by activation of protein kinase C, cAMP-dependent protein kinase, or calmodulin-dependent kinase, as in the other two isoforms (Michel et al. 1993) . However, there are controversial reports concerning NOS activation by protein phosphorylation. As the inhibition of oocyte NO synthesis was induced by exposure to gonadotropin for 72 h, a likely mechanism of inhibition of NO synthesis may be desensitization by protein phosphorylation. This remains to be investigated in the future.
A large amount of iNOS-derived NO is considered to contribute to the pathology of the inflammatory process (Kilbourn et al. 1991 , Kroncke et al. 1991 , Moncada et al. 1991 , and  1. Effect of NO-releasing agents on the proliferation of oocytesurrounding cumulus cells. Ten COCs were cultured for 48 h with 10 ng/ml FSH and exposed to 10 µM and 100 µM NOC18 or SNAP for an additional 24 h. Proliferation tests were performed as described in selective inhibition of iNOS reduces tissue damage (Mulligan et al. 1991 , Corbett et al. 1992 . NO has also been reported to negatively regulate steroidogenesis in the rodent testis (Adams et al. 1992) , human granulosa-luteal cells (Van Voorhis et al. 1994) , cultured rat Leydig cells (Punta et al. 1996) , and rat luteinized ovarian cells (Olson et al. 1996) . NO inhibits directly aromatase activity in human granulosa-luteal cells (Van Voorhis et al. 1994) . Thus, iNOS-derived NO may have an inhibitory action on the function of cumulus and granulosa cells, i.e. steroidogenesis and expression of receptors for various hormones and growth factors. eNOS was reported to produce a small amount of NO in the endothelial cells and the granulosa cells, but the porcine oocyte contains high contents of eNOS and can produce large amounts of NO. Consequently, it is likely that NO inhibits the growth of cumulus cells in a similar manner to iNOS. In the present study, we observed that addition of NO donors, NOC18 and SNAP, resulted in significant decreases in cell proliferation and NOC18 also inhibited expression of LH receptor mRNA. In porcine granulosa cells, the concentration of NOC18 used had no significant effect on expression of LH receptor mRNA and did not induce cell apoptosis (Nishida et al. unpublished observations) . The cumulus cells may be more sensitive to NO than the granulosa cells. In any case, the findings that the cumulus cell proliferation and LH receptor mRNA were suppressed by exogenous NO appear to be reasonable in that NO synthesis reduces during development of cumulus cells. It is likely that the inhibition of NO synthesis in the oocyte is required for the growth of cumulus cells stimulated by gonadotropin. It has been generally accepted that the interactions between the oocyte-surrounding cumulus/granulosa cells and the oocyte are essential for oocyte development and differentiation of somatic cells (Brower & Schultz 1982) . The phosphorylation of specific proteins in mouse oocytes depends on the interactions with granulosa cells (Cecconi et al. 1991) ; the state of differentiation of granulosa cells affects protein kinase activity in oocytes. Conversely, oocytes have an effect on granulosa cell differentiation by producing paracrine factors; oocytederived factors were reported to suppress FSHinduced LH receptor mRNA expression in mouse granulosa cells (Eppig et al. 1998) . On the basis of this evidence, oocytes may release NO as a signal for somatic cells to properly modulate the differentiation of cumulus and granulosa cells.
In conclusion, this study has provided evidence for NO synthesis in the porcine oocyte that is derived from eNOS. NO synthesis is suppressed during FSH-induced development of cumulus and granulosa cells with no change in the eNOS amount.
